these to be purified and cloned was the type A scavenger
The accumulation of lipids via this process is thought to lead receptors (Scr) [4] . Subsequently, the CD36 cell surface to foam cell formation in atherosclerotic plaques. Human mesangial cells (HMCs) have not been previously shown to express protein family was shown to bind Ox-LDL and was deScr in normal culture. We therefore investigated whether there fined as type B scavenger receptors [5] . Unlike the LDL is an inducible form of Scr in a human mesangial cell line receptor, the activity of Scr is not suppressed by rising (HMCL) . intracellular cholesterol concentration, thus providing a Methods. Scr activity was analyzed by cellular uptake of mechanism for unregulated cholesterol uptake. Two isofluorescently labeled acetylated low-density lipoprotein using forms of the Scr (type A-I and A-II) represent late gene a flow cytometer. Scr mRNA expression was examined using reverse transcription-polymerase chain reaction, followed by products that are highly restricted to macrophages and Southern blotting. To investigate the molecular mechanism of that are related cell types in their pattern of expression Scr expression, several reporter gene constructs were designed.
[6]. A single gene that gives rise to an alternatively spliced
The first contained a full Scr promoter, the second a part of primary transcript encodes these two forms of the Scr the Scr promoter that has both AP-1 and ets transcription [7, 8] . Although their normal physiological role remains factor binding sites. Other constructs were identical to the second, except that they contained either AP-1 or ets motif uncertain, biochemical studies have demonstrated that mutations.
both isoforms of Scr are capable of binding and inter-
Results. Phorbol 12-Myristate 13-acetate (PMA) and angionalizing Ac-LDL and Ox-LDL [7, 9] . Nonmacrophage tensin II (Ang II) II also increased Scr mRNA and promoter activity in a timeand dose-responsive manner. Protein kinase C and calmodulin incubated with modified LDL, whereas mock-transfected transduction pathways were involved in Scr up-regulation incells do not [9] . These findings suggest that the expression duced by PMA and Ang II. Additionally, a serine/threonine of Scr protein might be both necessary and sufficient to kinase was involved in PMA stimulation. Functional analysis account for foam cell formation in vivo. On the basis of showed that both AP-1 and ets motifs were specific response their ability to internalize and degrade Ox-LDL, Scr also elements to PMA stimulation in HMCLs.
Conclusions. This study suggests that HMCs may express appears to provide a mechanism for the development of studies of lipoprotein-receptor interactions and atheroPhorbol 12-myristate 13-acetate (PMA), which actisclerosis [22, 23] . HMCLs were cultured in serum-free vates the protein kinase C (PKC) pathway, induces difmedium containing 16 nmol/liter PMA or 1 mol/liter ferentiation of human THP-1 monocytic cells into macroAng II for various times before the addition of 10 g/ phages, and both Scr activity and Scr mRNA appear to ml of DiI-Ac-LDL in the presence or absence of a 100-fold excess of unlabeled Ac-LDL at 37ЊC. After three be up-regulated during this transformation [13] . AP-1 hours, the cells were detached from the plates by incubaand ets (AP-1/ets) transcription factors are necessary for tion with 0.5% trypsin-ethylenediaminetetraacetic acid Scr induction by PMA [14] . Angiotensin II (Ang II) is (EDTA) and were fixed in 5% formalin solution in phosknown to activate PKC in HMCs and has been shown phate-buffered saline (PBS). Each experiment was carto possess atherogenic properties [15, 16] . It increases ried out in duplicate. the activity of the macrophage Scr, enhances macrophage lipid peroxidation both in vivo and in vitro, and also binds Flow cytometry analysis to LDL, forming modified LDL, which is taken up by
The fixed cells were washed three times in PBS and macrophage Scr at an enhanced rate [17] . These studies were analyzed by fluorescence-activated cell sorter analsuggest that Ang II may have an additional effect in the ysis (FACS) using a flow cytometer (EPICS XL-MCL; development of atherosclerosis, which is independent of Coulter, Hialeah, FL, USA Tokyo, Tokyo, Japan) using SuperFect Reagent (Qiagen, Crawley, West Sussex, UK). Two days after transPreparation of acetylated lipoprotein fection, G418 was added to a final concentration (400 Plasma was collected from healthy human volunteers. g/ml), and resistant cells were selected over two weeks. LDL was isolated by sequential ultracentrifugation [20] Transfected cells (HMCL-Scr) expressing high levels of and was acetylated (Ac-LDL) by the method as deScr activity were detected using reverse transcriptionscribed by Innerarity, Pitas and Mahley [21] . Ac-LDL polymerase chain reaction (RT-PCR) and FACS. was passed through a 0.2 m filter before use and was HMCL-Scr were subjected to morphological studies. not used beyond 10 days. Ac-LDL labeled with 1,1Ј-Morphological examination dioctadecyl-3,3,3Ј,3Ј,-tetramethylindocarbocyanine perchlorate (DiI-Ac-LDL) was obtained from Biogenesis Human mesangial cell lines or HMCL-Scr were plated in chamber slides for tissue culture (Nunc Inc., Naper-(Poole, UK). ville, IL, USA) and incubated in serum-free RPMI meApplied Biosystems Ltd., Warrington, Cheshire, UK). dium or serum-free medium in the presence of 16 nmol/ The RT reaction was set up in a 20 l mixture containing liter PMA or 1 mol/liter Ang II. After 72 hours of 50 mmol/liter KCl, 10 mmol/liter Tris/HCl, 5 mmol/liter incubation, the cells were further incubated with 50 g/ MgCl 2 , 1 mmol/liter of each dNTPs, 2.5 mol/liter ranml Ac-LDL for 48 hours at 37ЊC. The cells were washed dom hexamers, 20 U RNAsin, and 50 U of M-MLV rethree times with PBS, fixed for 30 minutes with 5% verse transcriptase. Incubations were performed in a DNA formalin solution in PBS, stained with Oil Red O for Thermal Cycler (Perkin-Elmer 9600) for 10 minutes at 30 minutes, and counterstained with hematoxylin for room temperature, followed by 30 minutes at 42ЊC and another 5 minutes. Finally, the cells were examined by 5 minutes at 99ЊC. After cDNA synthesis by RT, the light microscopy. For fluorescence microscopy, both incubation mixture was split into two 10 l aliquots for HMCLs and primary cultures of HMCs treated with 16 separate amplification of the Scr cDNA and the GAPDH nmol/liter PMA for 72 hours were incubated for 14 hours cDNA using specific primers: Scr 5Ј primer (nucleotide with 1 mol/liter of colchicine to synchronize populaposition 75 to 94), TCGCTCAATGACAGCTTTGC; 3Ј tions and then cultured for 5 hours with 10 g/ml of DiIprimer (nucleotide position 345 to 364), CCATGTTGC Ac-LDL at 37ЊC. The cells were then washed in PBS TCATGTGTTCC [4] ; GAPDH, 5Ј primer (nucleotide and fixed in 5% formalin solution in PBS. Slides were position 73-92) TCATAGACAAGATGGTGAAG; 3Ј examined on a Leitz fluorescence microscope.
primer (nucleotide position 303-327), TGACGGGATC Reverse transcription-polymerase chain reaction TCGCTCCTGGAAGAT [24] . For PCR, the final concentrations of the 50 l PCR reaction mixture were 50 Total RNA (500 ng) was used as a template for RT-PCR. [24] . The DNA probes were labeled using the 5Ј-end labeling system (Promega, Southampton, Hampshire, UK). Membranes were irradiated by ultraviolet stratalinker for three minutes, prehybridized in 50% formamide, 5X Denhardt's solution, 5X SSPE, 100 g/ml herring sperm (hs) DNA, 50 mmol/ liter sodium phosphate (pH 6.8) at 42ЊC for four hours, and hybridized overnight at 42ЊC with at least 1 ϫ 10 6 cpm/ml of the labeled probe in the same solution as for prehybridization but without Denhardt's reagents. The membranes were washed twice for 15 minutes at room temperature with 5X SSC and then washed for 10 minutes at 42ЊC with 5X SSC. The blots were exposed to x-ray films (Kodak, Rochester, NY, USA) for four hours. The relative radiation density (the ratio of Scr to GAPDH) was calculated for each sample to adjust for the differences in RNA mass between templates and was used for the quantitative comparisons.
Plasmid constructs
To determine the molecular mechanisms responsible for PMA and Ang II-dependent Scr transcriptional activation in HMC, the Scr promoter-luciferase fusion gene ESL was constructed. This contains Scr promoter 5Ј upstream (Ϫ696 to ϩ46) from the Scr gene (Fig. 1) [14] . The 5Ј upstream of Scr gene (Ϫ4.5kb to ϩ46) was found to lack a conventional TATA box and initiated transcription from a cluster of closely spaced start sites. These duced upstream of the TATA box of the rat prolactin gene promoter (Fig. 1) [14] .
Transient expression assay
MgCl 2 , 200 mol/liter dNTPs, 0.125 mol/liter of primers, and 1.25 U Taq DNA polymerase. After incubation Human mesangial cell lines at a density of 6 ϫ 10 7 cells/ for 145 seconds at 95ЊC, 36 cycles were performed for ml were transfected with 100 g of supercoiled reporter 30 seconds at 95ЊC, 30 seconds at 60ЊC, and 60 seconds genes and 100 g control plasmid of psv-␤-galactosidase at 72ЊC. Twenty microliters of each PCR reaction were (Internal standard) by electroporation at 340 V and 125 subjected to electrophoresis in a 2% agarose gel.
uF with a Gene Pulser (Bio-Rad, Hemel Hempstead, Southern blot analysis and quantitative evaluation Herefordshire, UK). After electroporation, the cells were placed in six-well plates with growth medium. ApNucleic acids were transferred to a nylon membrane (Boehringer Mannheim, Lewes, East Sussex, UK) and proximately 24 hours after replating, cells were washed hours, and then the medium was replaced by fresh serum-free medium with 10 g/ml unlabeled Ac-LDL (A, D) or 10 g/ml DiI-labeled Ac-LDL (B, E) or 10 g/ml DiI-labeled Ac-LDL plus 1000 g/ml of unlabeled Ac-LDL (C, F) for three hours at 37ЊC. Fluorescence intensity per cell is shown on the x axis, and the number of DiI-labeled cells is shown on the y axis. The M range indicated in the histograms was arbitrarily determined in each experiment to calculate the percentage of labeled cells based on autofluorescence of the unlabeled cells.
with PBS, and the medium was replaced by fresh serumtab software. Data were considered significant if the P value Յ 0.05. free RPMI medium in the presence or absence of different concentrations of PMA or Ang II for various times. The cells were then washed twice with PBS and lyzed RESULTS using a lysis buffer (Promega). The luciferase and
We assessed the binding and internalization of DiI-␤-galactosidase enzyme activity in the supernatants were labeled Ac-LDL in HMCLs treated with PMA and Ang assayed using Promega luciferase and ␤-galactosidase II by FACS analysis. The specificity of the analysis was confirmed by showing modulin antagonist), 25 mol/liter genistein (receptor that excess amounts of unlabeled Ac-LDL inhibited the tyrosine kinase inhibitor), 100 nmol/liter calphostin C uptake of DiI-Ac-LDL (Fig. 3) . These results suggest (PKC inhibitor), 1 nmol/liter staurosporine (serine/threthat the enhanced metabolism of Ac-LDL results from onine kinase inhibitor), and 10 ng/ml pertussis toxin (Gan increase in both the number of Scr-positive cells and protein inhibitor). Scr promoter activity was estimated Scr density in HMCLs. by measuring luciferase luminescence.
Staining of HMCLs with Oil Red O before (Fig. 4A ) and after PMA (Fig. 4B ) and Ang II (Fig. 4C ) stimulation Data analysis showed that both PMA and Ang II increased the number In all experiments, groups of data were evaluated for of intracellular Oil Red O-stained lipid droplets. The stable cell line HMCL-Scr showed a stronger pattern of significance by one-way analysis of variance using Mini- (E) and HMCLs (F ) were incubated with 16 nmol/liter PMA for three days and were then treated with 1 mol/liter of colchicine for 14 hours and were finally labeled with 10 g/ml DiI-Ac-LDL for five hours at 37ЊC. The cells were fixed and examined for fluorescence. The results are typical of those observed in four experiments.
Oil Red O staining (Fig. 4D) , which confirmed that Scr some separation. The synchronized HMCLs and primary cultures of HMCs were used to evaluate DiL-Ac-LDL had a functional relevance in mesangial cells cultured in the appropriate environment. The uptake of DiI-Acuptake. Result showed that the majority of cells displayed high fluorescence after stimulation by PMA. LDL by HMCLs and primary cultures of HMCs following PMA stimulation was also visualized by fluorescence However, some PMA-treated cells were low fluorescent or nonfluorescent, even after synchronization with colmicroscopy. HMCLs and primary cultures of HMCs were treated by 16 nmol/liter of PMA for 72 hours and chicine (Fig. 4 E, F) . These data suggest that not all cells in this population express Scr to the same degree when were then arrested by incubation with colchicine, which maintains mitotic cells in metaphase by blocking the stimulated by PMA and that the nonhomogeneous behavior of HMCLs with respect to DiI-Ac-LDL uptake spindle apparatus production needed for the chromo- is not a function of the cell cycle, with temporary suspenHMCLs. The transfected HMCLs were stimulated by different concentrations of PMA and Ang II at various times, sion of the cells during certain phases of the cycle. It is also excluded that heterogeneity results from different and the promoter activity was measured. The results showed that PMA and Ang II induced Scr promoter activfunctional specificity within the cell line.
Reverse transcription-PCR, followed by Southern ity in a time-and dose-dependent manner, which was consistent with the induction of Scr mRNA (Fig. 7 A, B) . blotting, showed that HMCLs had a low Scr mRNA level under normal tissue culture conditions. However, To determine the role of signal transduction pathways in the regulation of Scr gene expression in PMA or Ang HMCLs expressed an inducible form of Scr when stimulated by PMA and Ang II. PMA (16 nmol/liter) induced II-stimulated HMCLs, we evaluated the effects of various signal transduction pathway inhibitors on Scr tranScr expression in a time-dependent manner. Ang II (1 mol/liter) also induced Scr expression (Fig. 5 A, B) . scription using the luciferase system. At noncytotoxic concentrations of inhibitors, we observed that the proBoth PMA at 1.6 to 160 nmol/liter and Ang II at 1 to 1000 nmol/liter induced Scr mRNA expression in HMCLs in moter activity of Scr in PMA or Ang II-treated HMCLs in the presence of PKC inhibitor (calphostin C) or cala dose-responsive manner (Fig. 6 A, B) .
To investigate whether enhanced Scr mRNA resulted modulin inhibitor (W-7) was significantly lower than in the absence of calphostin C or W-7, suggesting that both from increased gene transcription in HMCLs, we analyzed the Scr promoter activity. The reporter gene (ESL) PKC and calmodulin pathways were involved in Scr upregulation. Additionally, a serine/threonine kinase inhibcontaining the full Scr promoter was transfected into itor (staurosporine) significantly inhibited Scr promoter both AP-1 and ets motifs are necessary response elements activity induced by PMA, suggesting that the serine/ for gene transcription induced by PMA (Fig. 8) . Howthreonine kinase pathway was also involved in up-regulaever, the reporter gene containing three copies of AP-1/ tion of Scr induced by PMA (Table 1) .
ets responsive elements responded slightly to Ang II The molecular mechanism of gene transcription was stimulation, suggesting that AP-1/ets motifs are not spefurther investigated using several reporter gene constructs cific response elements for Ang II (Fig. 8 ). described in Figure 1 . Functional analysis showed that the minimal prolactin promoter exhibited very little activity DISCUSSION either before or after PMA and Ang II treatment (Fig. 8) .
Scavenger receptors mediate the uptake of modified However, when either one or three copies of the AP-1/ets LDLs by macrophages. The accumulation of lipids via motifs were introduced upstream of the minimal prolactin this process is thought to lead to foam cell formation in promoter, this promoter could respond to PMA stimuladeveloping atherosclerotic plaques and in glomeruloscletion in HMCLs. Three copies of the AP-1/ets motifs inrosis [25] [26] [27] . These experiments showed that PMA and creased basal activity by twofold to threefold in response Ang II increased Scr protein activity by increasing both to PMA stimulation. This suggested that AP-1/ets motifs the number of Scr-positive cells and the density of Scr are specific response elements for PMA stimulation per cell in HMCLs. We also analyzed the mRNA expres- (Fig. 8) . Mutation of either the AP-1 or the ets motifs decreased its ability to respond to PMA, suggesting that sion of Scr and showed that there was an inducible ex-II contributes to atherogenesis in vivo at least in part through the induction of Scr. This may explain why HMCs that have not previously been shown to express Scr in normal culture can express Scr in vivo [10, 12] . There is some degree of heterogeneity of Scr expression within the HMCL population. A proportion of the cell population was negative for receptor, as judged by cell-sorting analysis and by fluorescence microscopy, regardless of the length of exposure to PMA. This may explain several aspects of the phenotypical conversion of HMCs, including cell proliferation, transformation from smooth muscle cells to phagocytes, and foam cell formation. Synchronized HMCLs and primary cultures of HMCs after colchicine arrest also showed a nonhomogeneous staining pattern with DiL-Ac-LDL, suggesting that the nonhomogeneous behavior of HMCLs with respect to DiI-Ac-LDL uptake did not result from different functional specificities within the cell line used nor was it a function of the cell cycle, with temporary suspension of the cells during certain phases of the cycle.
The mechanism by which PMA induces the expression of Scr remains unclear. Both PMA and Ang II are activators of the PKC pathway. The experiments using signal transduction pathway inhibitors showed that the PKC and calmodulin pathways were involved in the induction of Scr by PMA and Ang II during the first 24 hours of culture. PMA-induced down-regulation of PKC has been examined in various cell types in long-term incubation. Different cell lines displayed a range of sensitivities to tetradecanoyl phorbol acetate (TPA)-induced down-regulation of PKC, suggesting that there could be cell-typespecific differences in the pattern of down-regulation [29] . In these HMCL experiments, we could not exclude PMA-induced down-regulation of PKC. However, the activation of the PKC pathway may be an early event, genomic DNA contains several copies of binding motifs of AP-1/ets transcription factors. To examine further the relative roles of the AP-1/ets motifs in mediating PMA and Ang II-dependent transcriptional activation, a minipression of Scr mRNA in cultures of HMCLs. These mal prolactin gene promoter was used, which exhibited results imply that there is limited expression of Scr under very little activity either before or after PMA and Ang II physiological conditions, but when HMCs were stimutreatment. Luciferase reporter constructs were made in lated by PMA and Ang II, they expressed an inducible which either one or three copies of the AP-1/ets motifs Scr. Ang II has been shown to have an important role in or the corresponding sequences containing mutations in progressive glomerulosclerosis in various animal models and clinical studies [28] . We therefore suggest that Ang either the AP-1 or ets were introduced upstream of a The reporter gene containing three copies of AP-1/ets responsive elements responded slightly to Ang II stimu-AP-1/ets activity could be induced by and were necessary for PMA-induced monocyte differentiation [14] . Our relation, suggesting that AP-1/ets motifs are not specific response elements for Ang II. This probably implies sults showed that there was a similar regulatory effect of AP-1/ets in HMCLs. AP-1/ets motifs were specific that different transcription factors are involved in Scr induction induced by PMA and Ang II. response elements to PMA stimulation in HMCLs. A mutation of either the AP-1 or the ets motifs decreased AP-1 proteins regulate the expression of a diverse set of immediate/early genes that exhibit very rapid and its ability to respond to PMA, suggesting that AP-1/ets motifs are necessary response elements for gene exprestransient transcriptional responses to signals transmitted from cell surface receptors [30] . These immediate resion induced by PMA. These results imply that PMA phage oxidation of low density lipoprotein generates a modified sponses reflect post-translational modifications of AP-1 form recognized by the scavenger receptor. Arteriosclerosis 6:505-proteins, which have been particularly well studied in the 510, 1986 case of c-jun [31, 32] 
